Abstract-An Al-7.5 wt. % Mg alloy was ball-milled in liquid N 2 for eight hours and its microstructures were investigated using transmission electron microscopy. Electron diffraction confirmed that the resulting powder is a supersaturated Al-Mg solid solution with a face-centered cubic structure. Three nanostructures with different grain size ranges and shapes were observed and the deformation mechanisms in these structures were found to be different. The reasons for the different deformation mechanisms were discussed.
Introduction
Mechanical ball milling (BM) is one of the severe plastic deformation (SPD) techniques that generate nanostructures by plastically deforming the coarse-grained materials. Although BM has been widely used for the preparation of nano-structured materials in recent years [1] , the structural evolution and deformation mechanisms in materials during the BM process have not been well studied.
Two deformation mechanisms have been proposed to be responsible for the structural evolution during BM [2] . One is based on the dislocation accumulation and the other is based on grain rotation and grain boundary sliding [3] . These two deformation mechanisms were supposed to happen in materials ball-milled at ambient temperature. BM under cryogenic conditions may greatly affect the defect behaviors in the powder crystallites and therefore will certainly result in change in deformation mechanisms. However, no detailed investigation on the microstructures and deformation mechanisms in cryogenic BM materials has yet been reported. In this paper, we use high-resolution transmission electron microscopy (HREM) to investigate the microstructures of Al-7.5 wt.% Mg alloy powder obtained from cryogenic BM and report three deformation mechanisms in grains with three different size ranges, respectively.
Experimental procedures
Spray-atomized Al -7.5 wt.% Mg (Al -8.3 at.% Mg) alloy powder with particle sizes in the range of 10 to 40 mm were used as starting materials for cryogenic BM. The milling was carried out in a modified Union Process 01-HD attritor with a stainless steel vial and balls (6.4 mm in diameter) at a rate of 180 rpm for 8 hours. The ball-to-powder weight ratio was 36:1. During the milling operation, liquid nitrogen was added into the mill to maintain complete immersion of the milling media, which keeps the temperature at -190 o C. Prior to milling, about 0.25 wt.% of stearic acid (CH 3 (CH 2 ) 16 CO 2 H) was added to the powders as a process control agent to moderate the cold welding process.
The resulting powder was pressed under a pressure of 1.1 GPa to form a small pellet, which was then mechanically ground to a thickness of about 50 mm. Further thinning to a thickness of electron transparency was carried out using Gatan precision ion polishing system with Ar + accelerating voltage of 3.5 kV. HREM investigation was carried out using a JEOL 3000F transmission electron microscope (TEM) working at 300 kV.
Results and Discussion
TEM investigation shows that the as-milled powder was not deformed homogenously and different stages of the deformation process co-existed during the cryogenic BM. Three kinds of nanostructures with different grain size ranges have been found in the sample. Figure 1 (a) shows a typical image of the largest crystallites having a lamellate structure with a length range of 100 -200 nm and a width of around 30 nm. Figure 1 (b) shows a typical structure of the most commonly seen equiaxed crystallites having diameters of around 10 -30 nm and Fig. 1(c) presents the smallest crystallites with a dimension of less then 10 nm. As will be discussed later, these three kinds of structures were produced by three different deformation mechanisms. Electron diffraction patterns taken from the above three typical areas indicate that they are all supersaturated Al-Mg solid solution with a fcc structure. An example of the electron diffraction patterns taken from the area shown in Fig. 1(a) is demonstrated in Fig. 1(d) . Although the equilibrium solubility of Mg in Al at room temperature is only 1.2 at.%, much lower than the 8.3 at.% observed in this investigation, metastable supersaturated Al(Mg) fcc solid solutions with very high Mg contents have been reported in mechanically alloyed samples. For example, the solubility of Mg in Al has been reported up to 18 at.% in Al 70 Mg 30 [4] , 23 at.% in Al 60 Mg 40 [5] , and 45 at.% in Al 50 Mg 50 [4] .
HREM imaging has been carried out to understand how the crystallites with different sizes deform. The real dislocation density is expected to be higher when dislocations on other {111} are included. It is clear from Fig. 2 (b) that many dislocations appear as dipoles, which have been presented in many heavily deformed metals. The dipoles are in fact dislocation loops with elongation along one direction so that they look like a pair of single dislocations with opposite Burgers vectors. The formation mechanism of these elongated loops in fcc metals has been discussed by Fourie and Murphy [6] . Large crystallites transformed into medium-sized crystallites through the formation of small-angle grain boundaries (SAGBs). Figure 3 shows a typical example of SAGBs where misorientations between neighboring medium-sized crystallites are seen. The SAGBs in Fig.3 are marked with black stars. Three black straight lines were drawn parallel to the {111} planes in neighboring crystallites A, B and C, respectively. Misorientations of about 3º between the neighboring crystallites are clearly revealed. We believe that the randomly distributed dislocations in large crystallites first interacted and rearranged to form a string of dislocation cells along the longitudinal axis of the elongated large crystallites. These cell boundaries then transformed to SAGBs with increasing deformation. Dislocations are rarely seen within these medium-sized crystallites (a dislocation in crystallite D is seen and marked), indicating that SAGBs acted both as dislocation sources and as dislocation sinks during the deformation. The fact that two-dimensional lattice fringes are seen in crystallites A and C while only onedimensional lattice fringes are seen in B implies the rotation of B relative to A and C. Note that crystallite D has twin relationship with C and B and this is marked in Fig.3 . While twins are seen only occasionally in medium-sized crystallites, they are more frequently observed in crystallites with dimensions smaller than 10 nm. A typical example is shown in Fig. 4 , where crystallite A is a five-fold twin while micro-twins and stacking faults exist in crystallite B. Crystallite C has a 5º misorientation with crystallite A. The position of the boundary between A and C is marked with two arrows. No dislocation is seen at the boundary and the small-angle misorientation between A and C is accommodated by the lattice strain in the two neighboring crystallites. Twinning and slip are two major competitive mechanisms of plastic deformation. Grain size plays an important role in determining the deformation mechanism at different deformation stages. According to Venables [7] , the stress required to activate a twinning dislocation of length l is
where S is the stacking fault energy (SFE), b 1 = 1/6 < 112 > is the Burgers vector of the Shockley partial dislocation involved in twinning, and G is the shear modulus. Johari and Thomas [8] suggested that with increasing plastic deformation the dislocation density increases to a value at which the critical length of the pinned dislocation u is attained. The shear stress to bow out such a dislocation is given by
where b =1/2<110> is the Burgers vector of the unit dislocation. By reasonably assuming both l and u are equal to the crystallite grain size d, we will see from equations (1) and (2) that when the grain size d is large, t T > t D , especially for large SFE materials such as Al and Al-alloys (the SFEs of pure Al and Al-3%Mg are 166 mJ/m2 [9] and 190 mJ/m2 [10] , respectively). In this case, slip is the favorable deformation mechanism. This explains the fact that no twin is seen in large grains.
During the slip deformation process, the density of dislocations increases resulting in an increase in the lattice strain. The increased lattice strain at the early stage of BM has been confirmed by X-ray diffraction data [11] . Further deformation results in dislocation rearrangement, forming SAGBs and medium-sized crystallites. The interaction of dislocations to form SAGBs greatly reduces dislocation density within the medium-sized crystallites, as evidenced in Fig. 3 , and consequently the lattice strain. The reduction of lattice micro-strain at this stage has also been confirmed by X-ray diffraction data [11] . Twins are observed occasionally in medium-sized crystallites. Figure 8 shows an example of a twin seen at this stage.
The SAGBs were later transformed to LAGBs with increasing deformation. This is evidenced in Fig. 1(b) in which most of the grain boundaries among medium-sized crystallites are LAGBs. These LAGBs can be achieved primarily through dislocation slip. Grain rotation and grain boundary sliding may also become active after the formation of LAGBs. The in situ TEM observation of deformation behavior of nanometer-sized gold thin films confirmed that grain rotation and grain boundary sliding play a significant role in a plastic deformation process of the nanostructured material [3] .
Because b in equation (2) is 3 times larger than b 1 in equation (1), which means the slope of t -1/d curve is steeper for t D , t D increases faster than t T with decreasing grain size. At a critical small grain size below which we will have t T < t D , twining becomes a favorable deformation mechanism.
It is well known that the SPD produces non-uniform microstructures. Specifically, the grain size distribution in material processed by SPD usually follows a lognormal statistical function [12] . Such a nonuniform structure is also obvious in the cryogenically ball-milled Al-alloy studied here. As shown in Fig. 1 , the largest grains are 30 nm wide and 200 nm long, while the smallest grains are less than 10 nm in diameter.
Low temperature also promotes twinning because a twinning stress vs temperature curve increases less steeply at low temperature than the yield stress or the flow stress for plastic deformation by slip [13] . High strain rate has the same effect as low temperature has on twinning [13] . Therefore, cryogenic BM favors twinning more than many other SPD techniques that operate at higher temperatures and lower strain rates.
Deformation twins were observed in Al-4.8wt%Mg subjected to shock loading at -180ºC by Gray while they were not seen in pure Al under the same deformation conditions [14] . Gray claimed that adding Mg solute in Al results in increased lattice frictional stress, enhanced rate of work hardening, and reduction in the dynamic recovery rate. These features would, in turn, radically alter the dislocation substructure, resulting in changes in the internal stress pattern. His arguments were consistent with experiments on body-centered cubic lattices where twin formation is favored by solid solution alloying [15] and is attributed to solid solution rather than intrinsic SFE effects [16] . X-ray diffraction investigation of the cryogenic BM Al-7.5wt%Mg [11] shows the shape of fcc Al peaks changes from asymmetric, which suggests inhomogeneity of Mg distribution in fcc Al lattice at early stages of deformation, to symmetric, indicating uniform Al-Mg solid solution after long time milling. These results imply that Mg solute might also play a role in the twinning deformation shown in this investigation.
Besides mechanical twining, it is believed that grain rotation and grain boundary sliding play a more important role in the deformation of very small grains than in medium-sized grains as evidenced by the experiment carried out Ke et. al. [3] .
Conclusion
Cryogenic BM of Al -7.5 wt.% Mg powder was investigated by HREM. The powder is not deformed uniformly and three nanostructures with different grain sizes and shapes were observed co-existing in the powder. At large grain sizes, powder grains are of a lamellar structure with a length range of 100 -200 nm and a width of around 30 nm.
Deformation in these large grains is mainly based on dislocation slip and the dislocation densities within the large grains are very high. At medium grain sizes, equiaxed grains are in the size range of 10 -30 nm. Grain size reduction from large grains to mediumsized grains is achieved through dislocation rearrangement forming SAGBs. The dislocation rearrangement largely reduces the amount of dislocations within mediumsized grains. The SAGBs later transform to LAGBs through dislocation slip. Due to the small grain size, cryogenic condition, relatively high strain rate and Mg solute effects, twining becomes an important deformation mechanism at grain size smaller than 10 nm.
